Root system architecture (RSA) is becoming recognized as important for water and nutrient acquisition in plants. This study focuses on finding single nucleotide polymorphisms (SNPs) associated with seedling RSA traits from 300 doubled haploid (DH) lines derived from crosses between Germplasm Enhancement of Maize (GEM) accessions and inbred lines PHB47 and PHZ51. These DH lines were genotyped using 62,077 SNP markers, while root and shoot phenotype data were collected from 14-day old seedlings. Genome-wide association studies (GWAS) were conducted using three models to offset false positives/negatives. Multiple SNPs associated with seedling root traits were detected, some of which were within or linked to gene models that showed expression in seedling roots. Significant trait associations involving the SNP S5_152926936 on Chromosome 5 were detected in all three models, particularly the trait network area. The SNP is within the gene model GRMZM2G021110, which is expressed in roots at seedling stage. SNPs that were significantly associated with seedling root traits, and closely linked to gene models that encode proteins associated with root development were also detected. This study shows that the GEM-DH panel may be a source of allelic diversity for genes controlling seedling root development.
Introduction
The root system plays a major role in the acquisition of water and nutrients essential for the plant's survival and growth, hence the importance of root growth and development in N uptake. Selection for better root development may identify maize inbred lines with higher grain yield under low nitrogen (N) fertilization conditions [1, 2] . Root growth, especially initiation and development of shoot-borne roots, as well as the amount of N taken up were found to be correlated with shoot growth and demand for nutrients [3] . Grain yield was closely associated with root system architecture traits in the early developmental stages of maize plants [4] .
In maize, a hypothetical root ideotype, described as "steep, cheap, and deep," was proposed by Lynch [5] , with the objective of optimizing water and N acquisition. Several genes which affect root development in maize have also been identified: rtcs (rootless concerning crown and seminal roots), rth1 (roothairless 1), rth2 (roothairless 2), rth3 (roothairless 3), rth5 (roothairless 5) and rum1 (rootless with undetectable meristems 1). The gene rtcs controls crown root and seminal root formation [6] rth1, rth2, rth3, and rth5 control root hair elongation in maize [7] [8] [9] [10] , and rum1 controls lateral root growth and seminal root growth [11] . In addition, rth3 has also been shown to affect grain yield in maize [9] . Quantitative trait locus (QTL) mapping for maize root system architecture traits using BC 4 F 3 lines from the cross Ye478 x Wu312 detected 30 QTL [4] . Genome-wide association studies using the Ames panel [12] found 268 SNPs to be associated with seedling root traits, some of which were located within or linked to gene models or QTL associated with root development [13] .
There is considerable genetic variation for root traits in maize [14] . In this study, doubled haploid (DH) lines from the Germplasm Enhancement of Maize (GEM) project [15] were used to identify single nucleotide polymorphisms (SNPs) associated with seedling root system architecture traits. In the allelic diversity component of the GEM project, crosses were made between landraces and elite inbred lines with expired plant variety protection (PVP), PHB47 and PHZ51 [16] . DH lines were derived from BC 1 plants obtained after backcrossing initial crosses to the respective elite inbred lines, to enable photoperiod adaptation of these materials to Midwest U.S. conditions. Our hypothesis is that novel sources of genes associated with root development can be found in exotic maize germplasm. The objectives of this study were to (i) determine the extent of variation of root traits of 14-day old seedlings in the GEM-DH panel, (ii) find associations between SNP markers and seedling root system architecture traits, and (iii) identify candidate genes involved in root development.
Materials and methods

Plant materials
Doubled haploid (DH) lines were derived from crosses between exotic maize landraces from the Germplasm Enhancement of Maize (GEM) project and expired PVP lines PHB47 and PHZ51 (Table S1 in the online version at DOI: 10.1016/j.plantsci.2017.12.004). The GEM accessions used in this study were composed of 66 landraces from Central and South America. The DH lines were developed following the procedure described by Brenner et al. [16] . Briefly, GEM accessions were crossed with PHB47 and PHZ51 to produce F 1 seed, and most of these were grown and backcrossed once to PHB47 or PHZ51, respectively, to produce the BC 1 F 1 generation. BC 1 F 1 or F 1 plants were crossed with the inducer hybrid RWS 9 x RWK-76 [17] to produce haploid seed, which was identified based on the R-nj color marker [18] . In the subsequent planting season, putative haploids were grown in the greenhouse, and seedlings at the 3-4 leaf developmental stage were subjected to colchicine treatment to promote genome doubling. Haploid plants were transplanted in the field and selfed to produce DH lines.
Root phenotyping
Three hundred GEM-DH lines and recurrent parents PHB47 and PHZ51 were used in this study. Seed was obtained from the seed increase nursery at the Agricultural Engineering and Agronomy Farm in Boone, Iowa, and the North Central Regional Plant Introduction Station (NCRPIS) of USDA-ARS in Ames, Iowa. The seed used for the root assay was grown following the protocol described by Abdel-Ghani et al. [19] . A completely randomized design (CRD) was used, with one growth chamber trial representing a replication. For each trial, four seeds of each line were surface sterilized with Clorox ® solution (6% sodium hypochlorite) for 15 min, then rinsed three times with sterile water. Surface sterilized seed was placed approximately 2.5 cm below the top edge of brown germination paper (Anchor Paper, St. Paul, MN, USA) pre-soaked with fungicide solution Captan ® (2.5 g/l), and afterwards rolled up vertically. Ten to eleven rolled germination papers were placed in a 2-l beaker filled with 400 ml deionized water. The experiments were conducted in growth chambers under a photoperiod of 16/ 8 h at a temperature of 25/22°C (light/darkness) with photosynthetically active radiation of 200 μmol photons m
. The relative humidity in the growth chamber was maintained at 65% and the water level was maintained at 400 ml. Three independent growth chamber trials were completed on April 5, 2013, November 22, 2013, and December 13, 2013.
Data were collected from 14-day old seedlings. The traits collected are described in Table 1 . One paper roll represented one DH line and experimental unit. Possible outliers of poorly-germinated seedlings were removed, and means were taken for the remaining seedlings in each paper roll. Shoots were separated from the roots and shoot length was measured using a ruler. Roots were scanned using a flatbed scanner (EPSON Expression 10000 XL, Copyright © 2000-2014 Epson America, Inc.). Seedling root traits were measured using ARIA image analysis software [20] . If data collection could not be completed in a single day, seedlings were preserved by submerging the roots in 30% ethanol and storing them in a cold room (4°C) to prevent further growth. Dry weight of roots and shoots were measured after drying at 70°C in an oven dryer for at least 48 h.
Phenotypic data analysis
Analysis of variance of seedling traits was performed using the additive model y ij = μ + R i + G j + ε ij , where y ij represents the observation from ij th plot, μ is the overall mean, R i is the effect of i th replication, G j is the effect of j th line, and ε ij is the experimental error. The function PROC GLM from the software package SAS 9.3 [21] was implemented to obtain an ANOVA table and expected mean squares for calculating heritability. Type 3 sums of squares were used to account for missing data. Genotypic variances (σ 2 G ), phenotypic (σ 2 P ) variances, and broad sense heritability (H 2 ) were calculated based on entry means.
Heritability was calculated using the formula below [13] .
MSG MSE rep
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MSG and MSE represent mean squares of genotype and error, respectively, and rep is the number of independent replications (three). For each trait, best linear unbiased prediction (BLUP) values were calculated by fitting genotype and experiments (replications) as random effects using SAS 9.3 [21] . BLUPs were used for the association analyses. Correlations among phenotypic traits were calculated using PROC CORR function in SAS 9.3 [21] .
Marker data
The GEM-DH lines were genotyped using 955,690 genotyping-bysequencing (GBS) markers [22] . GBS data were generated at the Cornell Institute for Genomic Diversity (IGD) laboratory. After filtering out markers with more than 25% missing data, a below 2.5% minor allele frequency, and monomorphic markers, 247,775 markers were left for further analyses. For markers at the same genetic position (0 cM distance), only one marker was randomly selected. The final number of markers used for further analyses was 62,077 markers distributed across all 10 chromosomes. The average number of recombination events per line was substantially greater than expected. Therefore, the genotypic data were corrected for monomorphic markers that were located between flanking markers displaying donor parent genotypes. The correction was based on Bayes theorem, with an underlying assumption that very short distances of a marker with recurrent parent (RP) genotype to flanking markers with donor genotype are more likely due to identity of marker alleles for that particular SNP between RP and donor, instead of a rare double recombination event. These short RP segments interspersed within donor segments were tested for the null hypothesis that a double recombination occurred, and were either corrected or kept as original genotype, accordingly, based on P-values from the Bayes theorem (Lipka et al., unpublished) . After correction, the donor genome composition was closer to the expected 25%, compared to the original marker data, and the average number of recombination events was substantially reduced [23] .
Principal component analysis, linkage disequilibrium, and genome-wide association studies
Principal component analysis (PCA) was used to determine the number of subpopulations within the GEM-DH panel, and was computed using the R package GAPIT (Genome Association and Prediction Integrated Tool) [24] . The most probable number of subpopulations was selected by plotting the number of PCAs (x-axis) against the variance explained by the PCA (y-axis). The optimum number of PCAs is determined when the decrease in variance has reached a plateau (i.e., increasing the number of PCs does not increase the variance explained). Linkage disequilibrium between SNP markers was calculated from 20,000 randomly selected SNP markers using the software TASSEL 5.0 [25] .
BLUPs of trait values for root dry weight, total plant biomass, total number of roots, shoot length, surface area, shoot dry weight, lateral root length, network area, and total root length were used for genomewide association studies (GWAS). These traits have heritability estimates of 0.3 or higher. In order to balance false-positives and falsenegatives in detecting significantly-associated SNPs, three statistical models were implemented, namely: (1) General Linear Model (GLM) + PCA (Q), where the PCA output from GAPIT was used as a covariate to account for fixed effects due to population structure; (2) Mixed Linear Model (MLM) [26] , where PCA and kinship (K) were used as covariates, and; (3) FarmCPU (Fixed and random model Circulating Probability Unification), where PCA and kinship were also used as covariates, but FarmCPU has additional algorithms to solve the confounding problems between testing markers and covariates [27] . GWAS using the GLM +PCA model was conducted using the software TASSEL 5.0 [25] . GWAS using MLM was conducted using R package GAPIT [24] , and the FarmCPU model was run using the R package FarmCPU [27] . All R packages were run using R statistical software v. 3.1.2 [28] .
Multiple testing in GWAS was accounted for using the statistical program simpleM [29, 30] , implemented in R [28] , which calculates the number of informative SNPs (M eff_G ). First, a correlation matrix for all markers was constructed, and the corresponding eigenvalues for each SNP locus were calculated. A composite LD (CLD) correlation was then calculated directly from the SNP genotypes using GAPIT [24] , and once this SNP matrix was obtained, M eff_G was calculated and this value was used to compute for the multiple testing threshold in the same way as the Bonferroni correction method, where the significance threshold = α ( 0.05) was divided by the M eff_G (α/M eff_G ). For this study, the multiple testing threshold level was set at 1.76 × 10 −6 .
Results
Phenotypic analysis
Considerable variation was observed for most traits within the GEM-DH panel. Total root length and lateral root length had the largest standard deviations of 52.95 cm and 51.69 cm (Table 2) , respectively. Most seedling traits followed a normal distribution, slightly skewed to the right. Some lines were consistently in the tails of trait distributions. DH line BGEM-0213-S ((PHB47/PISAN BOV344)/PHB47 #003-(2n)-001) had the highest values for root dry weight, total root length, surface area, lateral root length, median, total number of roots, convex area, and network area. On the other extreme, DH line BGEM ) estimates of seedling traits in this study ranged from 0.06 to 0.50 (Table 2) . Because heritability estimates of some traits were low, a threshold of H 2 = 0.30 was set for genome-wide association analyses. Traits with heritability values exceeding 0.30 were used for further analysis: root dry weight, total plant biomass, total number of roots, shoot length, surface area, shoot dry weight, lateral root length, network area, and total root length.
Principal component analysis
Most GEM-DH lines clustered into two major groups (Fig. 1) . One cluster, which includes PHB47, contains mostly DH lines with PHB47 as recurrent parent. The other major group contains PHZ51 and mostly DH lines with PHZ51 background. This is consistent with the heterotic grouping of maize inbred lines into stiff stalk, and non-stiff stalk. Some GEM-DH lines were mis-grouped (i.e., PHB47 background into the PHZ51 group, and vice versa). Marker profiles of these mis-grouped lines had a high donor (exotic) parent contribution, with an average of around 50%, which was significantly higher than the average donor percentage for the whole GEM-DH panel (18.9%).
Linkage disequilibrium
A subset of 20,000 randomly selected SNP markers, spanning all 10 chromosomes, was used to calculate linkage disequilibrium (LD) decay in the GEM-DH panel. The LD decay in the GEM-DH panel was slower than expected. The LD threshold (r 2 = 0.20), across all GEM-DH lines and using all markers, was not reached even after 100,000,000 bp. Among individual chromosomes, LD decay was reached within 1,000,000 bp in Chromosomes 1 and 6, within 10,000,000 bp in Chromosome 4, and within 100,000,000 bp in Chromosome 5. The slow LD decay may be due to the high percentage of recurrent parent genome in the GEM-DH lines. When specific regions of donor introgressions are considered without recurrent parent alleles, LD in exotic populations decayed at a much faster rate. Significant LD decay in GEM accessions at the caffeic acid 3-O-methyltransferase (comt) locus occurred within 100 bp [31] .
Genome-wide association studies
One SNP marker, S5_152926936 on Chromosome 5, was found to be significantly associated with four seedling root traits, namely lateral root length (P = 6.10 × 10 (Fig. 2) , after multiple testing using simpleM [29, 30] , where the computed cutoff was 1.76 × 10
. This SNP is within the gene model GRMZM2G021110, located between 152,916,750 and 152,932,484 bp on Chromosome 5 [32] . This gene was identified as a putative xaa-Pro dipeptidase. Data from NimbleGen microarrays from B73 showed that the absolute expression levels of GRMZM2G021110 were 10461.2 in primary roots six days after sowing, 13438 in primary roots in VE (one leaf visible) and 14451.4 in primary roots during the V1 (three leaves visible) developmental stage, compared to 20289.27, which was the maximum expression level (expression potential) of GRMZM2G021110 [33] . S5_152926936 is also in LD (r 2 = 0.22) with the ys1 locus [34] , in which its associated gene model (190, 674, 677 ,896 bp in Chromosome 5) was identified as an Fe(III)-phytosiderophore transporter [35] . The expression levels of GRMZM2G156599 were 8906.62 at V1 stage, compared to a maximum expression level of 10638.45 [33] , and 1459.9 in crown root nodes 1-3 and 1681.4 in crown root node 4 at V7 stage [36] . The FarmCPU model [27] detected 10 SNPs with significant associations with seedling root traits (Table 4 ). There were a total of 14 SNP-trait associations. Consistent with MLM, FarmCPU detected a significant association between the SNP S5_152926936 and network area (P = 1.76 × 10 −7 ). Other traits significantly associated with S5_152926936 by FarmCPU were median and surface area. One SNP on Chromosome 1, S1_295347415, was found to be significantly associated with total number of roots (TNR). It is in linkage disequilibrium (r 2 =0.39) with qTRL11-1, a putative QTL for total root length during seedling stage, which can be found in between markers umc2189-umc1553 in bin 1.10-1.11 [4] .
GRMZM2G156599
SNP marker S2_132260511 within gene model GRMZM2G159503 was significantly associated with root median (P = 6.35 × 10
), located between 132,259,992-132,260,907 bp on Chromosome 2 [32] . Absolute expression levels of GRMZM2G159503 were 97.52 in primary roots six days after sowing, 278.13 in primary roots in VE and 481.26 in primary roots during the V1 developmental stage, compared to 639.42, reflecting the expression potential of GRMZM2G159503. The gene 62 SHL TRL = total root length, SUA = surface area, PRL = primary root length, LRL = lateral root length, MED = median, TNR = total number of roots, NWA = network area, SDW = shoot dry weight, RDW = root dry weight, TPB = total plant biomass, SHL = shoot length. ). 20.1101 MED = median, NWA = network area, RDW = root dry weight, LRL = lateral root length, SUA = surface area, TNR = total number of roots, TRL = total root length.
D.L. Sanchez et al. Plant Science 268 (2018) 30-38
model GRMZM2G159503 encodes a putative dirigent protein [33] . A SNP on Chromosome 2, S2_229011896, was significantly associated with root median (P = 2.5 × 10
) and lateral root length (P = 1.15 × 10
−6
). SNP S2_229011896 is in linkage disequilibrium (r 2 = 0.26) with qCRN2.4, a QTL for number of crown roots, which was mapped near the marker bnlg381 (27, 743, 286 ,803 bp) on Chromosome 2 [37] . Two other SNPs on Chromosome 5 were significantly associated with root traits. SNP S5_71848753 was associated with root network area (P = 1.28 × 10
). This SNP is located within the gene model GRMZM5G872147, which spans the region between 71,846,308 and 71,849,950 bp [32] . This gene codes a RNA recognition motif-containing protein (arginine/serine-rich splicing factor RSP41). The absolute expression values for GRMZM5G872147 were 165254.76 for the primary root six days after sowing, 16476.46 for the primary root in VE stage and 13811.43 for the primary roots during V1 developmental stage, relative to 33184.32, which was the maximum expression level of GRMZM5G872147 [33] . SNP S5_71848753 is also in LD (r 2 = 0.76) with srs4, or lateral root primordia like6 (lrl6) [38] , as reported in MaizeGDB [32] . The locus srs4 or lrl6 is found between 60,133,015 and 60,135,634 bp on Chromosome 5 based on the B73 RefGen_v2 sequence, and based on gene model GRMZM2G097683 [32] . The second SNP in Chromosome 5, S5_212654036, was significantly associated with total number of roots (P = 1.35 × 10
). It is placed within the gene model GRMZM5G878379, located between 212,653,738 and 212,655,188 bp on Chromosome 5 [32] . The gene model is a putative mitogen-activated protein kinase kinase (MAPKK), and its absolute expression values were 9533.81 in primary roots 6 days after sowing, 5030.81 in primary roots in VE and 17349.8 in primary roots during V1 developmental stage, out of 20065.66, which was the maximum expression level of GRMZM5G878379 [33] . S5_212654036 is 34,462 bp away from GRMZM2G008367 (212,618,747-212,619,574 bp), which codes for an SCP-like extracellular protein. Its absolute expression levels were 215.92, 234.35, and 291.36 for the primary root six days after sowing, at VE, and V1, respectively, out of a maximum expression level of 379.94. It is also 56,809 bp away from GRMZM5G848185 (212,594,919-212,597,227 bp), in which the absolute expression levels in the primary root were 47.45, 180.87, and 181.11 six days after sowing, VE, and V1 developmental stages, out of a maximum of 200.75. GRMZM5G848185 is a putative MYB family transcription factor [33] . SNP S7_130871939 on Chromosome 7 was significantly associated with root median (P = 1.28 × 10 −7 ), and is located within the gene model GRMZM2G404929 (130,871,920-130,874,029 bp) [32] . Its absolute expression levels in the primary root six days after sowing, at VE, and V1 developmental stages were 28.03, 798.11, and 29.57, respectively [33] . It is only highly expressed in the primary root at the VE developmental stage. GRMZM2G404929 is a putative serine carboxypeptidase homolog. S7_130871939 is 6737 bp away from GRMZM2G464985 (130,878,674-130,882,596 bp) [32] . The absolute expression values in primary roots six days after sowing, at V1, and VE developmental stages were 8534.4, 8868.9, and 8404.8, respectively, out of the maximum expression value of 15487.91 [33] . The gene codes for a putative uncharacterized protein with protein kinase activity [32] . In relation to known QTL related to seedling root development, S7_130871939 is in LD (r 2 = 0.83) with qTRL17-1, a putative QTL for total root length at seedling stage located between markers mmc0411 and bnlg339 at bin 7.02-7.03 [4] . A second SNP on Chromosome 7, S7_16053327, was significantly associated with root median (P = 1.28 × 10
−7
). It is 24,262 bp away from the gene model GRMZM2G055216 (160,557,589-160,561,399 bp), coding for a putative transporter-related protein [32] . The absolute expression values were 6122.54, 6701.27, and 7480.1 in primary roots 6 days after sowing, and during VE, and V1 developmental stages, compared to the maximum expression value of 9031.03 [33] .
On Chromosome 8, SNP S8_3886189 was significantly associated with total root length (P = 8.67 × 10
) and lateral root length (P = 1.40 × 10 −6 ). This SNP is within the gene model GRMZM2G153434 (3,883,766-3,891,170 bp), identified as a PQ loop repeat domain-containing protein [32] . Absolute expression values in primary roots were 11936.4, 7444.78, and 5265.96 six days after sowing, at VE, and V1 developmental stages, and the maximum expression for this gene was 12778.11 [33] . Finally, the general linear model with population structure (GLM +Q) detected seven SNPs associated with seedling root as well as shoot traits. A total of 21 SNP-trait associations were detected (Table 4 ) using the GLM+Q model, some of which were consistent with SNPs detected by MLM and FarmCPU. The SNP S2_11826822, which was significantly associated with root dry weight (P = 1.1 × 10
), is in LD (r 2 = 0.28) with qCRN2.4, a QTL for number of crown roots, which was mapped near the marker bnlg381 (27,743,913-28,286,803 bp) on Chromosome 2 [37] . The SNP S5_82244840 was found to be in LD (r 2 = 0.71) with the locus srs4, or lateral root primordia like6 (lrl6) [38] , as reported in MaizeGDB [32] . SNP S5_152926936 was significantly associated with network area (P = 4.97 × 10
) using all three GWAS methods. GLM also detected the other three SNP-trait associations found with MLM (S5_152926936) with lateral root length (P = 5.45 × 10 −8 ), total number of roots (P = 1.37 × 10
), and total root length (P = 6.37 × 10 −8 ). FarmCPU and GLM were consistent for S5_152926936 and median (P = 1.41 × 10 −6 ). Putative gene models identified by SNP-root trait associations are listed in Table 5 .
Discussion
Phenotypic analysis
High-throughput and accurate phenotyping is one of the major constraints in genetic studies concerning roots [39] . Evaluation of root traits from seedlings grown in paper rolls, allows screening for a large number of lines quickly and more precisely, especially with the availability of root imaging software (e.g., ARIA [20] , WinRhizo (Regent Instruments), or DIRT [40] ). We found a moderate to strong positive (r between 0.42-0.63) and significant correlation (P < .0001) between root (length, area, dry weight) and shoot (length, dry weight) traits (Table 3) . Total biomass has a moderate positive correlation with primary root length (r=0.53), and strong positive correlations with other root length and area traits (r between 0.66-0.72). However, the artificial conditions in growth chambers do not accurately reflect field Table 5 Gene models identified by SNP -root trait associations in GEM-DH lines. Uncharacterized protein with protein kinase activity GRMZM2G153434 S8_3886189 TRL PQ loop repeat domain-containing protein LRL MED = median, NWA = network area, LRL = lateral root length, SUA = surface area, TNR = total number of roots, TRL = total root length.
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Plant Science 268 (2018) [30] [31] [32] [33] [34] [35] [36] [37] [38] conditions. Nonetheless, Abdel-Ghani et al. [2] found significant and positive correlations between seedling root and adult plant traits, indicating that more vigorous seedling growth might contribute to a higher grain yield. Root system architecture traits are highly variable among maize genotypes. This study shows that many of the traits showed the aforementioned wide range of variation ( Table 2 ). The two traits with the highest standard deviation were LRL (52.95 cm) and TRL (51.69 cm). The highest value for LRL is more than four times larger than that of the lowest value, and for TRL there was a 3-fold difference between extreme lines. In a similar study by Pace et al. [13] , lines from the Ames panel [12] had more extreme phenotypic ranges than the GEM-DH panel. Most of the lines in the GEM-DH panel were BC 1 -derived, with an average percentage of recurrent parent (PHB47 or PHZ51) of 77.78%; this might explain the less extreme variation among GEM-DH lines compared to the Ames panel. The results in this study, however, were consistent with the findings of Abdel-Ghani et al. [2] . Most of the other traits showed around 2-to 3-fold differences between the minimum and maximum values. This considerable variation among root traits for GEM-DH lines can be exploited for genetic studies and improvement of root traits in elite germplasm, which may improve tolerance to drought or nutrient deficiency.
Heritability estimates of seedling traits in this study ranged from low to moderate, with H 2 values ranging from 0.06 to 0.50 (Table 2 ).
These observations were consistent with findings from similar studies concerning seedling root phenotyping [4, 13] . As in these previous studies, a threshold of H 2 = 0.30 was set for genome-wide association analyses. Most biomass-related traits, in particular RDW, TPB, and SHL, as well as TNR and SUA, had heritability estimates between 0.4 and 0.5. Primary root length had a low heritability estimate (H 2 = 0.24), which could be attributed to the software ARIA's limitation of not being able to accurately identify the primary root each time [13] . Nevertheless, PRL was still included for further analyses, in spite of its low heritability estimate, because this trait had been considered as important for acquiring water and nutrients [5, 41] .
Population structure
Principal component analysis divided the GEM-DH lines into two major groups (Fig. 1) , which corresponded to the heterotic groups of the recurrent parents PHB47 (stiff stalk) and PHZ51 (non-stiff stalk). Some GEM-DH lines were mis-grouped into the opposite heterotic groups (i.e., PHB47 background into the PHZ51 group, and vice versa). These lines had a high donor (exotic) parent proportion, ranging from 53.6% to 72.2% with an average of 60.0%, which was significantly higher than the average donor percentage for the whole GEM-DH panel (18.9%). For these mis-grouped lines, the following scenarios may have occurred (a) the DH lines were F 1 -derived instead of BC 1 -derived, (b) backcross to wrong RP, or (c) selfing occurred, instead of DH line development. If scenario (a) occurred, the percentage of donor parent genome would be within the 50% range. Scenario (b), or backcross to the wrong RP would have led to 75% donor parent instead of 50%. If scenario (c) occurred, then the lines would be expected to have a substantial percentage of heterozygous alleles. There were seven F 1 -derived lines in the study, and they did not group with PHB47, the elite parent. Six out of the seven F 1 -derived lines fell within the 50% range, confirming that scenario (a) occurred. Twenty-five mis-grouped BC 1 -derived lines were within 60-75% donor parent range, which supports scenario (b).
Linkage disequilibrium
The reported average LD decay (r 2 threshold of 0.2) among maize inbred lines occurred within 10,000 bp [12, 13] , and within 1000 bp for maize landraces [12, 42] . In the GEM-DH panel used in this study, however, the average LD decay was slower than expected. The LD threshold in the GEM-DH panel was not reached within 100,000,000 bp. Because most GEM-DH lines were BC 1 -derived, the high percentage of recurrent parent genome causes slow LD decay, when all BGEM lines and markers used are considered. However, when only donor alleles for a given region are considered, LD decay is substantially more rapid. Chen et al. [31] detected a rapid LD decay rate from the GEM accessions at the comt locus, with r 2 > 0.1 persisting only up to 100 bp. The low LD among donor segments enabled association mapping at higher resolution. This is reflected by the fact that usually only one or few SNPs showed significant trait associations, rather than large blocks of SNPs within chromosomal regions.
4.4. Genome-wide association studies and candidate genes related to seedling root system architecture
The purpose of using three statistical models for GWAS was to minimize false positives, which is a limitation of GLM, as well as recover false negatives caused by high stringency of MLM. The number of SNP-trait associations is expected to be highest with GLM, followed by FarmCPU, and MLM. Using 62,077 SNP markers in seedling traits with H 2 > 0.30, the total number of SNP-trait associations from GLM, FarmCPU, and MLM were 21, 14, and 4, respectively (Table 4) , which was consistent with the expected trend. Pace et al. [13] detected four SNPs by MLM, and 263 markers by GLM using 135,311 SNP markers. The SNPs detected by MLM were associated with bushiness and standard root length, traits which had low heritability estimates, while those detected by GLM were associated with primary root length, perimeter, diameter, depth, shoot dry weight, total plant biomass, and surface area, traits with heritability estimates of H 2 = 0.3 and higher.
Only one SNP, S5_152926936, was detected using all three methods. Trait-wise, S5_152926936 was found to be significantly associated with network area in all three models, with root median and surface area in both GLM and FarmCPU, and with lateral root length, total number of roots, and total root length in both GLM and MLM. S5_152926936 is within the gene model GRMZM2G021110, which codes for a putative xaa-Pro dipeptidase. This SNP marker is also in linkage disequilibrium with the ys1 locus [34] . Its associated gene model GRMZM2G156599 codes for an Fe (III)-phytosiderophore transporter [35] . As it has been detected with all three statistical methods, S5_152926936 is a promising SNP associated with seedling root traits in the GEM-DH panel, and needs to be investigated further, to validate which among these candidate gene models is the causative factor for the variation of the associated root traits.
Some of the significant SNPs detected were found to be in LD with known genes associated with root development, namely S1_295347415 with qTRL11-1 [4] , S2_11826822 and S2_229011896 with qCRN_2.4 [37] S5_71848753 and S5_82244840 with srs4 or lrl6 [38] , and S7_130878006 with qTRL17-1 [4] . There were also SNPs that were located within gene models that encode for proteins that may be associated with root growth. S5_71848753 is within the gene model GRMZM5G872147 on Chromosome 5, which encodes for an arginine/ serine-rich splicing factor RSp41 [32] . Some of the putative orthologs of GRMZM5G872147 include LOC_Os02g03040.1 in rice (Oryza sativa L.), which encodes for an arginine/serine-rich protein RSp33 [43] , and AT3G61860.1, in Arabidopsis (Arabidopsis thaliana), which encodes for an arginine/serine-rich splicing factor atRSp31 [44] . In plants, arginine/serine-rich proteins have essential functions in constitutive and alternative splicing, which are important sources of proteome diversity and means of regulating gene expression [45, 46] . Studies suggest that arginine/serine proteins respond to signals related to plant development, as well as environmental stress [47] [48] [49] .
Stelpflug et al. [36] characterized RNASeq data and identified gene groups highly expressed during root development. In their study, it was found that genes which encode nutrient reservoir activity, transport, kinases, protein phosphorylation, regulation of transcription and TF activity (including enrichment for TIFY, MYB, NAC, and WRKY families), monooxygenase activity, glutathione transferases, redox regulation, electron carrier activity, lipid metabolism, and biosynthesis of flavonoids, showed peak expression in the upper, developmentally older half of the differentiation zone. The following gene models and their corresponding products, GRMZM5G848185 (putative MYB family transcription factor), GRMZM5G878379 (putative MAPKK) on Chromosome 5, GRMZM2G464985 (AGC kinase), and GRMZM2G055216 (putative transporter-related protein) on Chromosome 7 fall into these categories.
SNP S8_3886189 was significantly associated with total root length (P = 8.67 × 10 −7
) and lateral root length (P = 1.40 × 10
−6
). This SNP is within the gene model GRMZM2G153434 (3,883,766-3,891,170 bp) , which is highly expressed in roots [33] , coding for a PQ loop repeat domain-containing protein [32] . In Arabidopsis, a protein belonging to the PQ-loop family, AtPQL 3 , was found to be expressed primarily in roots [50] .
The SNP S1_295347415 was not in LD known root QTL rtcs [6] in Chromosome 1. There were no significant SNPs found on Chromosome 3, where rum1 [11] was mapped.
In conclusion, SNPs putatively associated with seedling root traits in a panel of GEM-DH lines were identified in this study. Some of these SNPs were in LD with known QTL for root development on Chromosomes 1, 2, 5, and 7. There were various SNPs on Chromosomes 2, 7, and 8 that were neither linked nor in LD with known genes for root development, but based on expression data in B73 [33, 36] , some of these genes may be associated with root growth and development in maize. Validation of these novel genes is needed, by developing nearisogenic lines for linkage or expression analysis, or through transgenic methods. Once validated, these putative SNPs can be used to select for donor lines with favorable allele(s) for particular root traits, and can also be used for marker-assisted selection in breeding populations. This study shows that exotic germplasm from the GEM project are, therefore, useful sources of novel genes to select for root system architecture traits to breed for improved water and/or nutrient uptake in maize.
